The zero field 14N-hfs-multiplets and the high-field Zeeman-hfs-multiplets of low-J rotational transitions of the title compounds were observed in a flash pyrolysis setup under high-resolution conditions. From the zero-field hfs patterns the 14N spin-rotation coupling constants and the 14N nuclear quadrupole coupling constants were obtained. From the high-field Zeeman-hfs-multiplets, the diagonal elements of the molecular ^-tensor and the anisotropies in the diagonal elements of the molecular magnetic susceptibility tensor were determined and were used to derive the diagonal elements of the molecular electric quadrupole moment tensor. INDO calculations and restricted Hartree-Fock self consistent field calculations with a basis of TZVP quality were carried out at the experimental structures and critically compared to the experimental results.
Introduction
The present study is the second in a sequence of rotational Zeeman effect studies of small imine com pounds. The analysis of the rotational Zeeman effect gives experimental values for the anisotropies in the diagonal elements of the molecular magnetic suscepti bility tensor and of the diagonal elements of the molecular g-tensor, and it gives direct experimental access to the molecular electric quadrupole moment tensor. The analysis of the zero-field 14N hyperfine (hfs) multiplets, which is a prerequisite for the subse quent analysis of the Zeeman-hfs-multiplets, gives in formation on the vibronic expectation value for the electric field gradient tensor at the 14N nucleus and on its spin-rotation coupling tensor.
The molecular magnetic susceptibilities are of inter est in the context of additivity rules from local incre ments and for the assessment of molecular field in duced ring currents in aromatic molecules. The molecular electric quadrupole moments play an im portant role for the intermolecular forces at close * In partial fulfillment of the requirements for the PhD thesis. Reprint requests to Prof. Dr. Dieter H. Sutter, Abteilung Chemische Physik im Institut für Physikalische Chemie, Christian-Albrechts-Universität zu Kiel, W-2300 Kiel 1, Federal Republik of Germany. range (-> local substructures in liquids, shapes of van der Waals complexes, etc.).
Furthermore the molecular electric quadrupole moments and the quadrupole coupling constants, the latter closely related to the electric field gradients at the quadrupole nuclei in the molecules, are of interest for the comparison with quantum chemical calcula tions. While the molecular quadrupole moments probe the quality of the electronic wavefunctions in the outer regions of the electron cloud, the field gradi ents probe the wavefunction in the immediate sur roundings of the quadrupole nuclei. We therefore found it interesting to run standard semiempirical and ab initio quantum chemical programs on the experi mental structures in order to get a feeling for their predictive power.
Thus the present contribution is subdivided into two parts. In the first part we describe the experiments and their analysis and in the second part we present the results of the quantum chemical calculations and compare them with the experimental results.
Experimental and Analysis
The pyrolysis flow system, the spectrometer, and the line shape analyses used to derive accurate satellite 0932-0784 / 91 / 0900-0746 S 01.30/0. -Please order a reprint rather than making your own copy. frequencies also in not completely resolved multiplets have been described in detail in [1] and [2] .
A) Preparation and Spectra of the Ethanimines
Cis-and trans-ethanimine were produced by vac uum flash pyrolysis of the trimer, hexahydro-2,4,6-trimethyl-l,3,5-triazine, which, in its hydrated form, was obtained commercially from Aldrich (Steinheim, Germany). Prior to the pyrolysis crystal water and residual impurities were removed by vacuum sublima tion and subsequent recristallisation in ethanol. Both isomeric forms, cis and trans, are produced that way, but the thermodynamically less stable cis-isomer [3] is produced predominantly as indicated in the reaction scheme.
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The reason for this may be that the shape of the cis-species is sort of preformed in the trimer with its chair shaped ring and the methyl-groups and aminehydrogens in aequatorial position. Due to the similar ity of their rotational constants, the ratio in which the two isomers were formed could be determined with fairly high precision from the relative intensities in closely neighboured rotational transitions. Account ing for the different dipole moments (the intensities are proportional to the squares of the or dipole moment, depending on whether the transition is of paor //ft-type [4] ) the abundancies were calculated as ,7eis:ntrans= 12:1 for a pyrolysis system with an unob structed rapid flow through the heated zone. This ra tio could be changed to approximately ncis: ntrans = 5:1 if the heated zone was loosely packed with quartz wool. For this comparison the overall How through the system was maintained at approximately the same level. It was controlled by the pressure drop accross the waveguide absorption cell (20 mForr at the en trance hole and below 1 mForr at the exit slit of the cell). Small differences in the Boltzmann factors of the two species were neglected in this calculation of the relative abundancies, and the dipole moments were taken from the work of Lovas et al. [5] , i.e. The absorption cells were cooled to -50 C in order to increase the population differences between the lower and the upper rotational states and in order to reduce the rate constants for the reactions at the walls.
For the trans-species only /^a-type spectra could be collected under high resolution conditions because of the less favourable production rate for this species. However for the cis-species the signal to noise ratio was sufficient to allow for the collection of the /xa-type as well as of the more intense ^b-type spectra. For both H H3C-C ' N / H species already the zero field rotational transitions are split into multiplets. Fhe reason for this splitting is twofold.
First hindered internal rotation (torsion) of the methyl group causes a splitting into an A/E-doublet of equal intensity. Both satellites essentially correspond to the vibrational ground state of the methyl torsion. But this state is split into substates due to tunneling. The A-satellite arises from molecules with zero tor sional angular momentum, the E-satellite from molecules with a small tunneling angular momentum. For the theoretical background of internal rotation see [6] .
Second, 14N quadrupole hyperfine interaction plus spin-rotation interaction cause an additional hfs-splitting of each torsional satellite with hfs-satellites aris ing from molecules with different orientations of the 14N spin with respect to the rotational angular momen tum. Due to the fairly high torsional barriers (F3 = 1.475 kcal/mol for the trans-isomer and F3 = 1.595 kcal/mol for the cis-isomer [5] ) the 14N hfs-patterns are experimentally identical for the two torsional states. As an example we present the zero-field multi-
tra n s Fig. 1 . For eis-and trans-ethanimine the multiplets of the 101 -0oo rotational tran sition fall into the same spectral region. This allows for a comparatively accurate estimate of the relative number densities of the two isomers. The multiplet splitting is caused by methyl internal rotation (A-and E-species) and 14N nuclear quadrupole coupling (see text). For the simulation from the optimized molecular parameters (lower trace) Lorentzian line shapes were as sumed. The observed line widths are close to 95 kHz full width at half height.
plets of the Ioi^-Oqo transition in Fig. 1 , which also gives information on the relative abundancies of the eis-and trans-species. For this recording the heated zone was stuffed with quartz wool in order to increase the number density of the trans-species in the pyroly sis products (see above). The listing of our recorded zero field frequencies, which includes only the frequencies of the hfs satellites of the A-species, is given in Tables 1 (cis-ethanimine) and 2 (trans-ethanimine). In view of the comparatively high barrier, we have analysed the 14N-hfs of both species with the effective rigid rotor Hamiltonian given in Eqs. (2) and (3) of [1] . Our 14N-quadrupole coupling constants and 14N spin-rotation coupling constants, derived from a least squares fit to the split tings of both species are presented in Table 3 . For comparison we also present the corresponding results published earlier in [5] and [7] . The accuracy of the quadrupole coupling constants has been improved by two orders of magnitude in the case of the cis-species and by better than one order in the case of the transspecies. They have now reached the quality needed for a critical comparison with new ab initio calculations (see below).
In the case of trans-ethanimine a slight discrepancy between our results and the results presented earlier in [7] is obvious. It is probably due to a misassignment in the earlier publication, where the 404<-313 transi tion of the cis-form was misinterpreted as the 716<-717 transition of the trans-form (compare Fig  ure 2 ). The observed hfs pattern and the simulation from the optimized molecular parameters closely match our assignment (left), while the simulation of the 716<-717 pattern not only is predicted at a 13 MHz lower frequency but also shows a significant deviation in the hfs splitting (right). Our assignment is further confirmed by the corresponding hfs-pattern of the torsional E-species measured at 33010.180 MHz (F'<-F = 3<-2), 33010.561 MHz (F'<-F = 5^4 ) and 33011.714 MHz (F'<-F = 4 <-3), respectively. The dif ferences between the peak frequencies in our observed spectrum (upper left) and the satellite frequencies re ported in [7] are due to the fact that our spectrum resulted from upward scans only. The occurrence of such a misinterpretation clearly demonstrates the ex perimental problems which may arise if different iso meric species are generated by pyrolysis and if their relative abundancies critically depend on the detailed conditions under which the pyrolysis is carried out. We note that in the present investigation the spin-ro tation constants of both species could be determined for the first time.
The high field AMj = 0 and AM; = +1 rotational Zeeman effect spectra of both isomers were studied as described in [1] . As an example we present Zeeman multiplets arising from the 101 0oo rotational tran- Table 3 . 14N nuclear quadrupole and spin-rotation coupling constants (in MHz) of cis-and trans-ethanimine resulting from the least squares fit to the hfs-splittings reported in Tables 1 and 2 . Uncertainties are one standard deviation from the fit. Also given are the rotational constants which enter into the calculation of the splittings and which are also needed for the subsequent analysis of the data.
sition of the two isomeric species in Fig. 3 , which shows a Zeeman multiplet observed under A Mj = 0 selection rule at a field of 15676 Gauss. As in case of the zero-field spectra (compare Fig. 1 ) the heated zone of the pyrolysis tube was loosely packed with quartz wool for the recording in order to increase the number density of the trans-species downstream of the reac tion zone.
In Table 4 we present the molecular ^-values and magnetic anisotropics for both isomeric species. The sign of the (/-values could be determined unambigu ously from intermediate field spectra as described in [8] . The propenimines were prepared by vacuum flash pyrolysis of freshly distilled diallylamine (Aldrich) ac-observed hfs--pattern observed hfs-pattern simulation of the 4 04 3 n hfs simxdation of the 7,e <-7,7 hfs midtiplet of the eis-species vnuLtiptet of the trans-species Fig. 2 . Observed 14N hfs multiplet of the 404<-313 transition of the torsional A-species of cis-ethanimine, which in [7] , in the believe that the "cis-spectrum" had too low intensity for detection, has been erro neously assigned to the 716<-717 transi tion of the other isomer, trans-ethanimine. 
Both isomeric forms trans-anti and trans-syn as well as propene are present downstream from the py rolysis zone. (No spectroscopic search for other reac tion products was carried out in the present study.) Here the thermodynamically more stable trans-antispecies [9] is produced preferentially with a ratio '^trans-anti/^trans-syn = 7:1 calculated from the relative in tensities of the 211«-110 rotational transition of the two isomeric species. The nomenclature is as follows: "trans" refers to the orientation of the double bonds with respect to the central C-C-bond while "anti" and "syn" refer to the orientation of the N H-bond with respect to the C -H-bond at the central carbon atom. In the pyrolysis of diallylamine, stuffing of the heated region with Si02-wool did not change the trans-anti/ trans-syn ratio, but it lowered the optimal tempera ture range for the pyrolysis to about 450 °C, which indicates a catalytic action.
In accordance with the reported dipole moments fia = 1.13 (1) D and fih = 1.66 (1) D for the trans-anti and Ha = 2.39 (1) D and n" = 0.77 (2) D for the trans-syn [9] , /ia-type as well as ^,,-type transitions could be recorded under high resolution conditions for the more abundant trans-anti-species. For the less abun dant trans-syn-species only the ^a-type spectra had Table 4 . Molecular (/-tensor elements and anisotropies of the molecular magnetic susceptibility (10~6 erg G"2 mol"*) of eis-and trans-ethanimine resulting from a least squares fit to the observed Zeeman multiplets of the torsional A-species. Fig. 4 we show the observed 14N-hfs-pattern of the l o l<-0oo rotational transition for the less abundant trans-syn-species.
Our zero field frequencies are reported in Tables 5  and 6 . The rotational constants [10] and our 14N quadrupole coupling constants and spin-rotation con stants, fitted to these observed splittings, are given in Table 7 . Also given for comparison are the corre sponding values reported earlier by the Monash group [10] . The results will be discussed below with respect to quantum chemical calculations.
From the analysis of the high-field Zeeman split tings the .(/-values and susceptibility anisotropies listed in Table 8 were obtained. As in the case of the ethanimines, the sign of the (/-values could be determined unambiguously from intermediate-field spectra.
Derived Molecular Parameters
As was shown by Flygare and coworkers [11] the theoretical expressions for the elements of the molecu lar (/-tensor and for the magnetic susceptibility tensor may be combined to derive "experimental values" for the molecular electric quadrupole moment tensor and for the anisotropies in the electronic second moments ( (14) and (16) (26) 0.041 (68) 2.969 (27) * *** * *** * *** Knowledge of the molecular electric quadrupole mo ments is for instance of interest in the context of un derstanding the potential hypersurface of van der Waals complexes, which is largely determined by the electric dipole moments, the electric quadrupole mo ments and the electric polarizabilities of the constitu ent molecules. If the structure of the nuclear frame is used as addi tional input, also "experimental values" for the an isotropies in the electronic second moments may be derived from the Zeeman parameters [12] : We present our molecular electric quadrupole mo ments and anisotropies in the electronic second mo ments in Table 9 . Below we will compare them with the corresponding quantum chemical results. Table 8 . Molecular magnetic (/-tensor elements and aniso tropies of the molecular magnetic susceptibility (10"6erg G ~ 2 mol ~1) of trans-anti-and trans-syn-propenimine result ing from the least squares fit to the observed Zeeman multi plets. 
Theoretical Studies
For comparison with our experimental results we did carry out semiempirical and ab initio quantum chemical calculations. For the semiempirical calcula tions we did run the INDO-program of Pople and Beveridge [13] with HameFs extension [14] for the calculation of the molecular electric quadrupole mo ments. For the ab initio calculation we did run the restricted Hartree-Fock self consistent field (RHF-SCF) routine from the Gaussian 86 program package of Pople and coworkers [15] . The 6-311 G** basis, i.e. triple zeta with polarisation functions (TZVP). p-orbitals at H and d-orbitals at C and N, was used throughout. All quantum chemical calculations were carried out at the "microwave structures" [5, 9] ,
AJ The Molecular Electric Quadrupole Moments and the Anisotropies in the Second Moments of the Electronic Charge Distribution
In Table 9 we present a comparison between our experimental results for the components of the molec ular electric quadrupole moment tensor and of the anisotropies in the electronic second moments with the corresponding RHF-SCF-values. A pictorial pre- Table 9 . Experimental values for the molecular electric quadrupole moments in D*Ä (see (3) ) and the anisotropics in the electronic second moments in Ä2 (see (4) Table 10 . Individual components of the molecular magnetic susceptibility tensor as derived from the experimental suscepti bility anisotropics (see Tables 4 and 8 ) and the RHF-SCF-TZVP values for <c2>, which, combined with the experimental ^-values and rotational constants, leao ds to an additional linear equation for the susceptibilities (see (17) in [1] We therefore used the electronic out-off-plane sec ond moments, <c2>, as additional input for a predic tion of the bulk susceptibility and of the diagonal elements of the magnetic susceptibility tensor as de scribed for instance in [1] . To our knowledge these values have not yet been determined experimentally before. They are presented in Table 10 . For error propagation an uncertainty of +0.1 Ä2 was assumed in the RHF-SCF-values for <c2>.
B) Spin-Rotation Coupling Constants
Spin-rotation coupling arises from the interaction of the nuclear magnetic dipole moments with the mag netic field caused by the overall rotation of the molec ular charge distribution. Since the latter is associated with the rotational angular momentum, while the for mer are associated with the nuclear spins, the spin-rotation Hamiltonian may be written phaenomenologically as
where the spin-rotation coupling tensor, M, depends on the molecular charge distribution. Because of the "l/r-dependence", the dominant contribution to M arises from the p-electrons localized at the nucleus under consideration while the contributions of the other nuclei and their electronic environment largely cancel. From a detailed theoretical treatment Flygare [16] has derived an approximate expression for the . RHF-SCF (6-311 G**) results for the molecular electric quadrupole moment tensors (dotted axes) and the molecular electric dipole moment vectors (SCF-and experimental values in italic) for the five imines studied here. All values are referred to the molecular center of mass. With trifluoromethanimine included for comparison as an exception, the principal axes systems of the molecular quadrupole moment tensors are roughly alligned to the orientation of the lone pair at the nitrogen, with the negative component along this direction. The comparison of the SCF-and experimental results, if referred to the principal inertia axes system (see Table 9 ), indicates that both are in rough agreement.
M-tensor elements (compare also (5) in [17] ):
In (6) gN is the 14N nuclear g-value, the nuclear magneton, Bq(g=a,b, or c) are the rotational con stants, h is Planck's constant, < l/r3> = 16.6 ■ 1024cm"3 the electronic expectation value for an electron in a nitrogen 2p-orbital [18] , c the velocity of light, m the electronic mass, AE an average electronic excitation energy, and Paa, Pbb, Pcc, and Pbc = Pch are the density matrix elements at the nitrogen (compare (5) in [1] ). We have used INDO p-densities to predict the spinrotation coupling tensor elements from (6) . For the average excitation energies we took the reported n->7i* excitation energies, since they correspond to the leading terms in the second order perturbation expression which leads to (6) .
In Table 11 we list the p-densities and n ->7t* excita tion energies. In Table 12 we compare the spin-rota tion coupling constants calculated according to (6) to our experimental values. For completeness we have Table 11 . IN DO 2 p-density matrix elements at the I4N nu clei (see (5) in [1] and reported n->7i* excitation energies (references below the values), which were used to predict the 14N spin-rotation coupling constants according to (6) . For the rotational constants, which also enter into this equation, see Tables 3 and 7 (the rotational constants of methanimine are given in [1] ). The p-densities were calculated at the exper imental structures (for the corresponding references see Table 9 ). Table 12 . Comparison between the experimental values for the spin-rotation coupling constants with values calculated from the INDO/2 p-densities and n->rc* energies according to (6) . In view of the approximations which lead to (6) the agreement is quite pleasing. (7) 0.0022 (7) calc. The effective field gradients, qaa, qhb, qcc, etc. arise from two partly compensating contributions, the elec tronic contribution and the nuclear contribution. Within the rigid nuclear frame approximation they are given as 9aa = ~ X nuclei 7 \p\lT,n2 _r2 \ n lel \ Junk nki nk electrons + <0| X 13« 'jk> |0> (8) (and cyclic permutations)
for the diagonal elements, and as nu^ei Z n\e\3ankbnk 4 a b = -Z --------3--------n rnk electrons I g I 3 a U + <0| X i J 10) (9) j rjk for the off-diagonal element. Here an k and aj k are the ^-coordinates of the n-th nucleus and j-th electron with respect to the quadrupole nucleus (and cyclic permutations). While, in the rigid nuclear frame ap-proximation. the nuclear contribution is easily calcu lated from the microwave structure, the accuracy of the electronic contribution depends on the quality of the electronic wavefunction. Thus it's value is method and basis set dependent. Here we have carried out RHF calculations, and a simple way to account for the error in the wavefunction is to multiply the calculated electronic contribution by a basis set dependent cali bration factor. f Q. To our knowledge such a proce dure has been proposed first by Brown and coworkers [23] , and we too had followed this approach in an earlier publication [24] , However we no more regard this approach as reasonable and prefer to use (7) as it stands with one global Q value as a basis set depen dent calibration factor. The reason for this change in mind is as follows. The effect of deficiencies in the electronic wavefunction on the quality of the calcu lated field gradient depends very much on the region in the molecule where the deficiency occurs. Deficien cies in the neighbourhood of the other nuclei have comparatively little effect, since the main effect of the electronic contribution from these regions is to com pensate the contributions from the corresponding nu clei, and this irrespective of minor errors in the elec tron densities. But deficiencies in the immediate neighbourhood of the quadrupole nucleus have large effects due to the (l/r3)-dependence. Thus, scaling of the electron contribution as a whole as done in [23] and [24] will lead to a correction of the wavefunction errors in the close neighbourhood but also to less compensation of the contributions from the other nu clei. As a result, in a procedure as described above, where two effective Q-values are optimized for best fit between experiment and calculation, the necessity of, say. downscaling the calculated electronic contribu tion will also lead to an unwanted decompensation of the nuclear contribution and. as a consequence, to the necessity of downscaling also the latter. Therefore in practice such a two-parameter fit does not improve the fit very much if compared with a one parameter fit in which the calculated field gradient as a whole is scaled with just one gobal effective or pseudo quadru pole moment. On the other hand, the Q-value associ- Table 14 . Quadrupole coupling constants for two isomeric forms of propargylimine and C-cyanoformimine, respec tively, as predicted from RHF-SCF calculations (6-311G**). The conversion factor given in Table 13 was used to calculate the quadrupole coupling constants from the ab initio field gradients. For the propargylimines the discrepancies with respect to the reported experimental values [29] ated with the nuclear contribution to the field gradient has lost its meaning as the true nuclear quadrupole moment.
Our results are presented in Table 13 and in picto rial form in Figure 6 . In addition to the ethanimines and propenimines studied here we also included our results for methanimine [1] and the reported results for difluoromethanimine [25] , trifluoro-methanimine [26] , N-cyanoformimine [27] and formaldoxime [17] , We note that our Q (14N)-value of 16.84(15) mbarn for the conversion of imine field gradients calculated from RHF-SCF wavefunctions of 6-311 G** quality is also close to Huber's "pseudo quadrupole moment" (17.3 (3) mbarn) proposed to be used with "sp2-hybridized" 14N nuclei [28] .
From the material presented in Table 13 we believe that the 14N quadrupole coupling constants of the "imine-nitrogen" can be predicted within ± 100 kHz from RHF-SCF-wavefunctions of 6-311 G**quality if a microwave structure is available. As examples we take the isomers of propargylimine, H -C = e ' e n =NH, and of C-cyanoformimine, N = C -CH = NH. For the propargylimines quadrupole cou pling constants have been reported in the literature [29] . For C-cyanoformimine, the quadrupole coupling constants are not yet known. We present our SCF-predictions in Table 14 . From the comparison with the reported values we conclude that at least the propargylimine with the acetylene group and the imine-hydrogen in eis position should be reinvesti gated since the 1 MHz discrepancy in ycc is far above our estimate of the uncertainty in the RHF-SCF pre diction. To check our predictions, high resolution studies for the eis-and trans-species of both molecules are planned at our laboratory.
